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Repetitive Diffuse Mild Traumatic Brain Injury Causes an
Atypical Astrocyte Response and Spontaneous Recurrent
Seizures
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Focal traumatic brain injury (TBI) induces astrogliosis, a process essential to protecting uninjured brain areas from secondary damage.
However, astrogliosis can cause loss of astrocyte homeostatic functions and possibly contributes to comorbidities such as posttraumatic
epilepsy (PTE). Scar-forming astrocytes seal focal injuries off from healthy brain tissue. It is these glial scars that are associated with
epilepsy originating in the cerebral cortex and hippocampus. However, the vast majority of human TBIs also present with diffuse brain
injury caused by acceleration-deceleration forces leading to tissue shearing. The resulting diffuse tissue damage may be intrinsically
different from focal lesions that would trigger glial scar formation. Here, we used mice of both sexes in a model of repetitive mild/
concussive closed-head TBI, which only induced diffuse injury, to test the hypothesis that astrocytes respond uniquely to diffuse TBI and
that diffuse TBI is sufficient to cause PTE. Astrocytes did not form scars and classic astrogliosis characterized by upregulation of glial
fibrillary acidic protein was limited. Surprisingly, an unrelated population of atypical reactive astrocytes was characterized by the lack of
glial fibrillary acidic protein expression, rapid and sustained downregulation of homeostatic proteins and impaired astrocyte coupling.
Afteralatency period, a subset of mice developed spontaneous recurrent seizures reminiscent of PTE in human TBI patients. Seizing mice
had larger areas of atypical astrocytes compared with nonseizing mice, suggesting that these atypical astrocytes might contribute to
epileptogenesis after diffuse TBI.
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Traumatic brain injury (TBI) is a leading cause of acquired epilepsies. Reactive astrocytes have long been associated with seizures
and epilepsy in patients, particularly after focal/lesional brain injury. However, most TBIs also include nonfocal, diffuse injuries.
Here, we showed that repetitive diffuse TBI is sufficient for the development of spontaneous recurrent seizures in a subset of mice.
Weidentified an atypical response of astrocytes induced by diffuse TBI characterized by the rapid loss of homeostatic proteins and
lack of astrocyte coupling while reactive astrocyte markers or glial scar formation was absent. Areas with atypical astrocytes were
larger in animals that later developed seizures suggesting that this response may be one root cause of epileptogenesis after diffuse
TBI.
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Introduction
Astrocytes carry out many homeostatic tasks crucial for normal
brain function. They are in close spatial relationship to synapses
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ensuring low extracellular neurotransmitter and potassium con-
centrations essential for neuronal health and optimal function.
CNS injury causes changes in astrocyte protein and gene expres-
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sion patterns and morphology (Sofroniew, 2009; Zamanian et al.,
2012; Gotz et al., 2015; Levine et al., 2016; Anderson et al., 2016).
Astrogliosis is also crucial to protecting uninjured brain areas
from secondary damage (Sofroniew, 2015). A site of primary
focal brain damage becomes surrounded by layers of reactive
astrocytes (Robel, 2017), which form a protective scar that seals
off injured areas. Removal of these scar-forming astrocytes re-
sults in larger lesion sizes and worsened functional outcomes
(Bush et al., 1999; Faulkner et al., 2004; Anderson et al., 2016).

However, this astrogliosis process can precede, and is essential
to, the progression of many of neurological diseases including
epilepsy (Ortinski et al., 2010; Lioy et al., 2011; Verkhratsky et al.,
2012; Tongetal., 2014; Pekny et al., 2016). Evidence from human
subjects and animal models demonstrates that reactive astrocytes
lose their homeostatic functions thereby contributing to epilep-
togenesis (Wetherington et al., 2008; Robel and Sontheimer,
2016). Astrogliosis is present in lesional symptomatic epilepsies
(Pollen and Trachtenberg, 1970; Niquet et al., 1994; Foresti et al.,
2011; Steinhduser et al., 2012; Bedner et al., 2015) and surgical
removal of the glial scar alongside epileptic foci can provide sei-
zure control in patients with temporal lobe epilepsy (Marks et al.,
1995; Kumar et al., 2003).

TBI affects >10 million people annually and is induced by a
mechanical force to the head. Approximately 2.9-50% of these
TBI patients are at risk for developing epilepsy (Christensen et al.,
2009; Lowenstein, 2009; Ferguson et al., 2010; Abou-Abbass et al.,
2016), sometimes even years after the original insult. The risk for
developing epilepsy is highest after focal-penetrating TBI, for ex-
ample, caused by a gunshot or stab wound (Frey, 2003). Such
focal injuries are associated with glial scar formation, but affect
<10% of all TBI patients. More frequently, TBIs combine focal
and diffuse brain damage. In diffuse brain injury, acceleration-
deceleration-rotational forces shear the brain tissue as a result of
differing momentum between adjacent connected tissue masses
of different densities. Diffuse TBI has been reported to increase
the incidence of posttraumatic epilepsy (PTE) (Annegers et al.,
1980, 1998; Ferguson et al., 2010). However, diffuse TBI occurs in
isolation only in mild/concussive TBIs because this type by defi-
nition does not present with focal injury detectable by computed
tomography (CT) imaging (Management of Concussion/mTBI
Working Group, 2009). However, there is controversy in the field
about whether mild TBI/concussion, which represents 75—86%
of all TBIs (National Center for Injury Prevention and Control—-
Centers for Disease Control and Prevention, 2003), is sufficient
for the development of PTE. Some studies did not find an in-
crease in epilepsy incidence in postconcussive patients (Frey,
2003; Wennberg et al., 2018), whereas others did find an in-
creased risk (Christensen et al., 2009; Ferguson et al., 2010; Chris-
tensen, 2012). Further confusion arises when epilepsy incidence
rates after mild TBI (2.9% or 4.4%) are compared with those in
the general population (1.5%) (Ferguson et al., 2010; Chris-
tensen, 2012), which both appear low overall. Unfortunately, the
cause of epilepsy in the general population is often unknown.
Awareness of risks associated with mild TBI/concussion and rep-
etition of those injuries has only become commonplace in the last
few years and one in nine people do not seek medical help (Cen-
ters for Disease Control). Therefore, medical records might lack
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complete information about a history of mild TBI, making it
impossible to link these injuries with seizures.

Ultimately, animal models that isolate diffuse TBI and do not
present with focal lesions are needed to confirm the presence or
lack of spontaneous recurrent seizures after mild/concussive TBI.
Such a model of PTE is also necessary to identify cellular and
molecular mechanisms contributing to epileptogenesis after dif-
fuse TBI regardless of whether it is caused by mild or more severe
forms of TBI.

Materials and Methods

Animals

Twelve- to 16-week-old C57BL/6 or Aldh111-eGFP//FVB/N mice of both
sexes were used and animal sex is specified for each experiment in Figures
1-1 (available as Extended Data), 2-1 (available as Extended Data), 3-1
(available as Extended Data), 4-1 (available as Extended Data), 5-1 (available
as Extended Data), 6-1 (available as Extended Data), 7-1 (available as Extended
Data), and 8-1 (available as Extended Data). Many TBI and epilepsy studies
have been performed in C57BL/6 mice. To ensure consistency and to
allow for comparison of our data with other studies, we chose this strain
for experiments that did not require reporter labeling of astrocytes. For
some imaging experiments, we used the Aldh1l1-eGFP mouse line,
which was backcrossed to FVB/N for >10 generations (transgene expres-
sion can be modulated by the genetic background and FVB/N appears to
be more permissive of transgene expression). Therefore, a pilot study
assessed differences in the effect of diffuse TBI on FVB/N and C57BL/6
mice (see Fig. 1). Mice were bred in-house; some C57BL/6 mice were
purchased from Harlan/Envigo Laboratories or The Jackson Laboratory.
All animal procedures were approved and performed according to the
guidelines of the Institutional Animal Care and Use Committee of Vir-
ginia Polytechnic Institute and State University (Virginia Tech) and were
conducted in compliance with the National Institutes of Health’s Guide
for the Care and Use of Laboratory Animals.

Mouse strains used were as follows: C57BL/6 (JAX #000664), FVB/N
(JAX #001800), Aldh111-eGFP (RRID:MMRRC_011015-UCD) back-
crossed to FVB/N for >10 generations, GCamp5G (JAX #024477)/
mGFAP-Cre 77.6 (kindly provided by Michael Sofroniew, UCLA) both
C57BL/6; and Aldhlll-tdTomato (RRID:MMRRC_036700-UCD;
mixed FVB/N//Crl:CD1(ICR) backcrossed to Crl:CD1(ICR) for three
generations.

Impact acceleration (weight drop) injury

Mice were injured using an impact acceleration model based on the
modified Marmarou model (Foda and Marmarou, 1994; Marmarou et
al., 1994, 2009) that induces diffuse TBI. Severity of the injury can be
adjusted by modifying the drop height, the mass of the weight, the prop-
erties of the foam pad, and the interinjury interval. We calibrated this
model to induce a repetitive mild/concussive injury (Nichols et al., 2016)
in adult mice 12—16 weeks of age by adjusting drop height and interinjury
interval (see Fig. 1). The mouse was anesthetized with 3% isoflurane gas
in an induction chamber for 5 min and then placed on a foam pad as
opposed to being stereotactically fixed to allow for rapid acceleration and
deceleration of the head upon impact of the weight. The analgesic bu-
prenorphine was administered subcutaneously at 0.05-0.1 mg/kg. The
mouse’s head was wetted with a cotton swab soaked in 70% ethanol. A
flat, stainless steel disc 1.3 cm in diameter, 1 mm thick, and weighing 880
mg was then placed on the wetted head. The disc prevented skull breaks
and diffused the impact across the entire cranium. The mouse on the
foam block was then lined up under a vertical Plexiglas tube containing a
100 g weight suspended via a pin at 50, 60, or 70 cm above the metal disc.
To initiate the impact, the pin was pulled, allowing the weight to free fall
and injure the mouse. The mouse was then placed on a sterile converter-
topped heating pad on its back until consciousness resumed and the
mouse righted itself. This time period is considered the righting reflex
recovery time and was measured as a surrogate for loss of consciousness
(LOC). All results except for Figure 1 used three impacts from 50 cm
height with 45 min intervals causing repetitive diffuse TBI (rdTBI) be-
cause this paradigm minimized differences between mouse strains and
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Table 1. Manufacturer information, working dilutions and resource identification numbers for primary and secondary antibodies used forimmunohistochemistry

Name Manufacturer Catalog # RRID Species raised in Monoclonal/polyclonal Concentration
Primary antibodies
GFP Aves Lab GFP-1020 AB_300798 Chicken Polyclonal 1:1000
GFAP Millipore MAB360 AB_2109815 Mouse Monoclonal 1:1000
GFAP Dako 10334 AB_10013382 Rabbit Polyclonal 1:1000
GFAP Abcam AB4674 AB_304558 Chicken Polyclonal 1:1000
Vimentin Millipore AB5733 AB_1121377 Chicken Polyclonal 1:1000-1:5000
Nestin Millipore MAB353 AB_94911 Mouse Monoclonal 1:200
Glt1 Millipore AB1783 AB_90949 Guinea Pig Polyclonal 1:1000
Kird.1 Alomone APC035 AB_2040120 Rabbit Polyclonal 1:400
(leaved Caspase 3 Cell Signaling Technology 9661 AB_2341188 Rabbit Polyclonal 1:100
$1008 Sigma-Aldrich $2532 AB_477499 Mouse Monoclonal 1:1000
$100 Dako 0803 Not assigned Rabbit Polyclonal 1:1000
Iba1 Wako 019-9741 AB_839504 Rabbit Polyclonal 1:1000
NeuN Millipore MAB377 AB_2298772 Mouse Monoclonal 1:200
NeuN Millipore ABN78 AB_10807945 Rabbit Polyclonal 1:500
(D11b Bio-Rad MCA74G AB_321293 Rat Monoclonal 1:500
Ki-67 Thermo Scientific RM-9106-51 AB_149792 Rabbit Monoclonal 1:100
Brdu Abcam AB6326 AB_305426 Rat Monoclonal 1:500
Anti-human tau Thermo Scientific MN1000B AB_223453 Mouse Monoclonal 1:100
Secondary antibodies
Chicken Alexa Fluor-488 Jackson Immuno Research 703-546-155 AB_2340376 Donkey Polyclonal 1:1000
Chicken Cy3 Jackson Immuno Research 703-166-155 AB_2340364 Donkey Polyclonal 1:1000
Chicken Alexa Fluor-647 Jackson Immuno Research 703-606-155 AB_2340380 Donkey Polyclonal 1:1000
Rabbit Alexa Fluor-488 Jackson Immuno Research 111-546-144 AB_2338057 Goat Polyclonal 1:1000
Rabbit Cy3 Jackson Immuno Research 111-166-144 AB_2338011 Goat Polyclonal 1:1000
Rabbit Alexa Fluor-647 Jackson Immuno Research 111-606-144 AB_2338083 Goat Polyclonal 1:1000
Mouse Alexa Fluor-488 Jackson Immuno Research 115-546-003 AB_2338859 Goat Polyclonal 1:1000
Mouse Cy3 Jackson Immuno Research 115-166-003 AB_2338699 Goat Polyclonal 1:1000
Mouse Alexa Fluor-647 Jackson Immuno Research 115-606-003 AB_2338921 Goat Polyclonal 1:1000
Rat Alexa Fluor-488 Jackson Immuno Research 112-546-003 AB_2338364 Goat Polyclonal 1:1000
Rat Cy3 Jackson Immuno Research 112-166-003 AB_2338253 Goat Polyclonal 1:1000
Rat Alexa Fluor-647 Jackson Immuno Research 112-606-003 AB_2338406 Goat Polyclonal 1:1000
Guinea pig Alexa Fluor-488 Jackson Immuno Research 106-546-003 AB_2337441 Goat Polyclonal 1:1000
Guinea pig Cy3 Jackson Immuno Research 106-166-003 AB_2337426 Guinea pig Cy3 Polyclonal 1:1000
Guinea pig Alexa Fluor-647 Jackson Immuno Research 106-606-003 AB_2337449 Goat Polyclonal 1:1000
Dyes
DAPI Thermo Fisher D1306 AB_2629482 N/A N/A 1:1000
Alexa Fluor-555 cadaverine Thermo Fisher A30677 N/A N/A N/A 0.33 mg/mouse
NeuroTrace 530/615 Nissl Thermo Fisher N21482 AB_2620170 N/A N/A 1:100

N/A, Not applicable.

sexes and was characterized by low mortality rates (see “Diffuse mild/
concussive TBI induced LOC but no structural lesions or tissue loss”
section in Results).

Histological procedures

Mice were deeply anesthetized with ketamine and xylazine before tran-
scardial perfusion with PBS followed by 4% paraformaldehyde (PFA).
Brain tissue was collected and postfixed in 4% PFA overnight. Coronal
slices were cut at 40-50 um thickness using a vibratome (Campden
5100mz). Immunohistochemistry was performed using primary anti-
bodies as specified in Table 1 in PBS with 0.5% Triton X-100 and 10%
goat serum at 4°C overnight. Slices were washed in PBS and incubated in
secondary antibodies (Table 1) in 1X PBS with 0.5% Triton X-100 and
10% goat serum for 1-2 h at room temperature. 4,6-diamidino-2-
phenylindole (DAPI) was included in the secondary antibody solution.
Slices were washed in PBS and mounted on glass microscope slides using
Aqua Poly/Mount (Polysciences, catalog #18606).

Nissl staining followed immunohistochemistry before the slices were
mounted on glass slides. After the secondary antibody incubation period,
slices were washed in PBS for 10 min and placed in PBS with 0.5% Triton
X-100 to allow the tissue to permeabilize for 10 min, followed by a 10 min
wash in PBS. Slices were incubated in 1:100 NeuroTrace (Table 1) in PBS
for 20 min. After incubation, the slices were washed in PBS with 0.5%

Triton X-100 for 10 min, followed by two 10 min washes in PBS. Slices
were mounted on glass slides and embedded using Aqua Poly/Mount.

Images of sham and rdTBI mice were acquired using a Nikon A1R
confocal microscope with Nikon 4X, 10X, or 20X air objectives or
Nikon Apo 40X/1.30 and 60%X/1.40 oil-immersion objectives.

Western blotting

Adult male and female mice that incurred rdTBI were killed by cervical
dislocation at 4 h postinjury (hpi), 3 d postinjury (dpi), 7 dpi, or 14 dpi.
Sham animals were killed at the 4 h (9 animals) or 7 d time point (3
animals). Time points reflect the time period after the initial injury; that
is, the 4 hpi time point was collected 4 h after the first impact and 2.5 h
after the last impact. Cortical gray matter and hippocampus were rapidly
dissected, snap frozen on dry ice, and stored at —80°C. Tissues were
mechanically homogenized in radioimmunoprecipitation assay buffer
with 1:100 protease and phosphatase inhibitors (Sigma-Aldrich, catalog
#P8340, P0044), followed by sonication (3X 10 s pulse/rest 5 s, 30%
amplitude) on ice. Remaining tissue fragments were spun down and
protein supernatants were stored at —80°C. Protein concentrations were
determined for each sample using a bicinchoninic acid assay. 15 ug of
protein was mixed with sample buffer (4 X Laemmli sample buffer with
B-mercaptoethanol) and 1:10 dithiothreitol, denatured at 95°C for 10
min, and loaded into Bio-Rad Criterion TGX precast 26-well gels. Gels
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Table 2. Manufacturer information, working dilutions, and resource identification numbers for primary and secondary antibodies used for Western blot

Name Manufacturer Catalog # RRID Speciesraisedin ~ Monoclonal/polyclonal  Concentration
Primary antibodies
GFAP Dako 70334 AB_10013382  Rabbit Polyclonal 1:5000
Vimentin Millipore AB5733 AB_11212377  Chicken Polyclonal 1:5000
Vimentin Thermo Fisher MA3-745 AB_326285 Mouse Monoclonal 1:5000
Nestin Abcam AB6142 AB_305426 Mouse Monoclonal 1:2500
(leaved Caspase 3 Cell Signaling Technology 96115 AB_2341188 Rabbit Polyclonal 1:1500
GAPDH Abcam AB8245 AB_2107448 Mouse Monoclonal 1:5000
Secondary antibodies
AzureSpectra goat anti-rabbit IgG IR800 antibody Azure Biosystems AC2134 Not assigned Goat Polyclonal 1:1500
AzureSpectra goat anti-mouse IgG IR700 antibody Azure Biosystems AC2129 Not assigned Goat Polyclonal 1:1500
AzureSpectra goat anti-mouse IgG IR800 antibody Azure Biosystems AC2135 Not assigned Goat Polyclonal 1:1500
AzureSpectra goat anti-rabbit IgG IR700 antibody Azure Biosystems AC2128 Not assigned Goat Polyclonal 1:1500
AzureSpectra goat anti-chicken IgG IR700 antibody Azure Biosystems AQ2131 Not assigned Goat Polyclonal 1:1500
Goat anti-rabbit IgG HRP Santa Cruz Biotechnology ~ 5C2004 AB_631746 Goat Polyclonal 1:1500
Goat anti-mouse lgG HRP Santa Cruz Biotechnology ~ SC2055 AB_631738 Goat Polyclonal 1:1500
Goat anti-chicken IgG HRP Santa Cruz Biotechnology ~ SC2901 AB_650515 Goat Polyclonal 1:1500
Chemiluminescent substrates
Name Manufacturer (atalog # Development conditions Concentration
(larity Western ECL substrate-peroxide solution Bio-Rad 102030831 1 min incubation, room temperature 12
(larity Western ECL substrate-luminol/enhancer solution  Bio-Rad 102030829 1 min incubation, room temperature 12

N/A, Not applicable.

were run at 80 V until dye line narrowed and then at 200 V for ~30-45
min. The Trans-blot Turbo Transfer system was used for semidry trans-
fer at 2.5 A and 25 V for 10 min. Membranes were blocked in 5% nonfat
milk (NFM) in Tris-buffered saline-Tween 20 (TBST) for 30 min. Mem-
branes were incubated in primary antibody solution (Table 2) in 5%
NEM/TBST overnight at 4°C. Membranes were washed and incubated in
secondary antibody solution in 5% NFM/TBST for 1 h at room temper-
ature. Membranes were developed either with luminol/peroxide devel-
oper solution (Bio-Rad) or imaged directly after incubation with near
infrared secondary antibodies. For the latter, following transfer mem-
branes were instead blocked for 10 min in Azure fluorescent blocking
buffer (Azure Biosystems). Membranes were incubated in primary anti-
body solution in Azure fluorescent blocking buffer overnight at 4°C.
Membranes were washed in Azure IR-Fluorescent washing solution
(Azure Biosystems) and incubated in secondary antibody solution in
Azure fluorescent blocking buffer for 1 h at room temperature. Mem-
branes were washed in PBS and immediately imaged with the Azure c500
imaging system.

Two-photon imaging through a thinned-skull window

Twelve- to 16-week-old Aldh111-eGFP//FVB/N mice of both sexes were
used to image astrocytes over time and, importantly, before and after
TBI. In this mouse line, astrocyte cell bodies can be identified easily,
whereas fine processes are harder to detect when in vivo two-photon
imaging was performed through a thinned-skull window. Before surgery,
mice were anesthetized with 3% isoflurane gas in an induction chamber
and administered analgesics (0.1 mg/kg buprenorphine, Par Pharmaceu-
ticals) and the nonsteroidal anti-inflammatory rimadyl/carprofen sub-
cutaneously (5 mg/kg, Zoetis Services). During the surgery, the animal’s
head was fixed in a stereotactic apparatus and the body temperature was
maintained at 37.0°C. The level of anesthesia was maintained at 1.5-2%
isoflurane gas during the surgery. An eye lubricant was applied to the eyes
of the animal to prevent corneal desiccation. A circular area of the skull
(typically ~2 mm in diameter) over the region of interest (ROI) was
shaved using a hand drill. The ROI was thinned to ~50 wm thickness
(allowing for imaging ~100 wm deep into the cortex). Dental cement
was used to cover the area around the ROI and to create a well. Mice were
placed into a warm clean cage with hydrogel and moistened food to
recover. After 1 h, baseline images were acquired using a four-channel
multiphoton laser scanning fluorescence microscope (Olympus
FV1000MPE) equipped with an XLPLN25X/1.05 numerical aperture
(NA) water-immersion objective (Olympus). During the imaging ses-
sion, mice were lightly anesthetized using isoflurane to alleviate stress

from restraining their head in a stereotactic apparatus (two-photon im-
aging is not painful after the cranial window has been prepared and mice
recovered from this surgery). Mouse body temperature was maintained
at 37.0°C. After the baseline imaging session, mice were allowed to re-
cover for 1 h. After the recovery period, mice were anesthetized with 3%
isoflurane gas in an induction chamber for 5 min and underwent removal
of the dental cement cap. A metal disc was then placed over the exposed
skull and rdTBI was induced 3 times with 45 min intervals between
impacts. After the final impact, mice were placed in the stereotactic ap-
paratus to apply cyanoacrylate glue (Henkel) and cover the ROI with a
cover glass (#0, thickness: 0.10 = 0.02 mm, diameter 3 mm, Fisher Sci-
entific, 22-031145), thereby installing a permanent window for long-
term reimaging. During the imaging window installation, mice were kept
at 1.5-2% isoflurane gas level. Dental cement was applied to create a well
and cover the area around the thinned ROI The control mouse under-
went only thinned skull preparation surgery, cover glass implantation,
and imaging.

Video-EEG data acquisition

Epidural recordings were obtained from 12- to 16-week-old male
C57BL/6 mice. Mice were anesthetized and positioned in the weight-
drop device (as described in the “Impact acceleration (weight drop)
injury” section) and received either three TBIs or three sham
(3xSham) injuries with 45 min intervals between impacts/sham. Mice
were allowed to recover for at least 1 h after the last TBI before
surgery. Then, mice were anesthetized with 3% isoflurane gas and
positioned in the stereotactic apparatus (Kopf Instruments). Surgery
was performed using surgical tools sterilized by autoclaving before
surgery and resterilizing in a dry sterilizer (Germinator 500, Cellpoint
Scientific) for 3 min in between animals. For EEG acquisition, we
either implanted bipolar intracranial electrodes connected to a plastic
pedestal (Plastics One) positioned in the parietal area over each hemi-
sphere with a ground electrode placed over the cerebellum or a circuit
board (Pinnacle Technology) configured to obtain both EEG and
EMG activity. The latter was affixed to the skull using skin glue and 4
stainless steel intracranial screws, covered with silver epoxy. Electro-
myography (EMG) was recorded using two stainless steel subdermal
electrodes overlying the nuchal muscles. Dental acrylic cement was
used to cover the electrodes and skull. The scalp incision was then
closed with skin glue. When intracranial electrodes (Plastics One)
were used, two additional stainless steel screws were anchored into
the skull to provide stability for the dental acrylic, applied to cover the
electrodes and the screws. After surgery, mice were placed in individ-
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ual cages and warmed on the heating pad (31-33°C) for at least 1 h
with clean bedding, recovery gel, and moistened food. Next, mice
were placed into the individual Plexiglas video-EEG monitoring cyl-
inders with fresh bedding, dry food, recovery gel, water bottles, and
nesting material for acclimatization before long-term video-EEG re-
cording. Mice were allowed to recover 4—7 d after the TBI and sur-
gery. Continuous 24/7 video-EEG was then obtained for up to 110 dpi
using either Pinnacle Technology or Biopac EEG acquisition hard-
ware and software. In two sham mice and three mice with convulsive
seizures, video recording was acquired starting on day 39 and 35
postsurgery, respectively; in all other mice, video and EEG recordings
started on the same day. Animal behavior was recorded with individ-
ual box or dome cameras fully synchronized with the EEG recording.
EEG data were acquired at 500 Hz (Biopac Systems) or 400-1000 Hz
sampling rates (Pinnacle Technology) and filtered (high-pass filter cutoff:
0.05 Hz; Biopac Systems) or 1 Hz (Pinnacle Technology) (low-pass filter
cutoff: 100 Hz in both systems). Cameras had either integrated or separate
infrared sources for dark hours video acquisition and were affixed over
(dome cameras) or in front (box cameras) of the Plexiglas cylinders. All
animals were kept in a standard 12 h light/12 h dark cycle.

Quantification of astrocyte coupling using biocytin filling
Aldh111-tdTomato animals between 8 and 12 weeks of age were anesthe-
tized with 3% isofluorane and subjected to either rdTBI or 3x Sham as
described above. Animals were killed by cervical dislocation at 7-15 dpi
and 300 um acute coronal brain slices were cut using a compresstome
(Precisionary Instruments) in ice-cold cutting solution containing the
following (in mm): 135 N-methyl-p-gluconate, 1.5 KCl, 1.5 KH,PO,, 23
choline bicarbonate, 25 p-glucose, 0.5 CaCl,, and 3.5 MgSO,. After re-
covery in artificial CSF (containing the following in mm: 125 NaCl, 3 KCl,
1.25NaH,PO,, 25 NaHCO;, 2 CaCl,, 1.3 or 2 MgSO,, and 25 p-glucose)
at 37°C for 30 min, slices were maintained at room temperature until the
start of the experiment. Aldh111-tdTomato * cells (astrocytes) were iden-
tified in cortical layer 1 or 2, patched, and filled with a 5 mg/ml biocytin
solution for 20 min at 37°C and then the slice was fixed in 4% PFA for at
least 2 h. After fixation, slices were rinsed in PBS and stained with Glt-1
antibody overnight. After three washes in PBS, the slices were incubated
with a secondary antibody conjugated to Alexa Fluor 647, DAPI, and
streptavidin conjugated to Alexa Fluor 488 for 1 h at room temperature,
washed in PBS, and mounted with Aqua Poly/Mount (Polysciences, cat-
alog #18606). Slices were imaged using a Nikon AIR confocal micro-
scope using 20X and 40X objectives.

Data analysis

Unbiased stereology. Quantification of the area covered by glial fibrillary
acidic protein-positive (GFAP ) or Aldh111-eGFP ™ astrocytes as well as
Glt1-negative area was performed using unbiased stereology (MBF Bio-
science Stereo Investigator) on an Axiovert 200 M inverted microscope
(Carl Zeiss) using the 20X/0.75 NA objective on five 40 um coronal slices
of Aldh1l1-eGFP mice that were labeled with antibodies against GFP,
GFAP, and Gltl1. The cortical gray matter (with exception of the piriform
cortex) was outlined using the 10X objective. We chose extensive sam-
pling since areas that contained GFAP ™ astrocytes or lacked Aldhl111-
eGFP * and Glt! signal, were small. The counting frame was 300 um X
300 wm, grid size was set to 600 um X 600 wm. Guard zones were set to
5 wm at both edges of the slice z-stack. The combination of counting
frame size and grid frame size was chosen after a pilot study was per-
formed analyzing the same sample with three different grid sizes 300
um X 300 wm (sampling 100% of the area), 600 um X 600 um (sam-
pling 25% of the area), and 750 um X 750 wm (sampling 16% of the
area). There was no significant difference between the 600 um X 600 and
300 wm X 300 wm measurements, but 750 um X 750 um resulted in a
discrepancy larger than the approximated effect size.

Quantification of Glt1 loss area in EEG-recorded animals. We used three
to five slices per animal to assess the cortical area covered with GFAP ™ or
S100B8 ™ astrocytes and Gltl. Images were acquired using a Nikon A1R
microscope with a 10X air objective from 40 wm coronal slices from
C57BL6 mice labeled with antibodies against GFAP or S10083, and Glt1.
The cortical gray matter (with exception of the piriform cortex) was
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outlined using a freehand selection tool in Image]J. This area was mea-
sured for each slice. Similarly, areas with downregulation of Glt1 were
manually outlined, measured, and expressed as fractions of the total area
for each slice. The values of Gltl area fraction loss were then averaged
between slices for each animal.

Quantification of astrocyte proliferation. Astrocyte proliferation was
assessed using either immunohistochemistry against the cell cycle pro-
tein Ki67 at 3 dpi or bromodeoxyuridine (BrdU) labeling at 7 dpi. For the
latter, rdTBI or 3xSham mice received intraperitoneal injections of
BrdU/saline (50 ng/g body weight) twice daily for 7 d starting on the
day of rdTBI/Sham. To quantify the number of Ki67 * astrocytes,
three confocal images were taken in four different slices per animal,
three animals per experimental group, in ROIs with loss of Aldh1l-
eGFP " and ROIs with GFAP * astrocytes. To quantify the number of
BrdU ™ astrocytes, one or two confocal images were taken in three
different slices per animal, three animals per experimental group, in
ROIs with loss of Aldh11-eGFP * and ROIs with GFAP " astrocytes.
Confocal images had a z-step size of 1 um and stacks spanned the
entire slice and were quantified step by step using the cell counter tool
in Image]J. Cells that colabeled for GFP/DAPI and Ki67 or BrdU were
considered proliferating astrocytes.

Quantification of astrocyte coupling using biocytin filling. From a total of
43 slices, the ones with the biocytin injected adjacent to an area with
dysfunctional astrocytes were selected (1 = 18). Size of areas with atyp-
ical astrocytes was detected using the binarization and image calculator
tool in ImageJ based on the presence of tdTomato (tdTom ¥) and the
absence of Gltl (GIt1 ™). For neighboring non-atypical astrocytes, area
size was determined based on the presence of both labels (consistent
settings between slices). Next, using the image calculator, the percentage
of biocytin-positive pixels in tdTomato ™ and Glt1 © and atypical areas
(TdTom */Glt1 ~) were calculated and corrected by area size. If biocytin
were evenly distributed between atypical areas and TdTom */Glt1 * area,
then each area would have an expected value of 50% biocytin pixels and
both areas would add up to a total value of 100%.

Quantification of neuronal densities. Nissl and NeuN was stained for in
3xSham tissue (n = 4 for 1, 3, 7, and 14 d each) and rdTBI tissue (n = 5
for 1 dpi, n = 3 for 3 dpi, n = 7 for 7 dpi, n = 4 for 14 dpi, and n = 3 for
28pdi) and then imaged using confocal microscopy. The area of regions
with astrocyte reporter loss, as well as the surrounding region (periph-
ery), was quantified using Image]. From this area, the density of the
Nissl * neurons in cortical layers II/IIl was determined using the cell
counter tool in Image]. Neuronal densities in peripheral areas were set to
1 and the fold change of densities within areas of astrocytic downregula-
tion was normalized accordingly for each ROL

Quantification of Western blot data. Blots were quantified with Azure-
spot analysis software. Images were converted to grayscale for band
quantification. Lane detection software prevented lane overlap and ac-
counted for the curvature of some lanes. Rolling ball background sub-
traction was used for each blot image. Automatic band detection was first
used to detect band peak gray values, followed by manual adjustment to
restrict the area of band measurement to the band edges. Gray values of
each band were measured in the above-defined frames. For GFAP, the 55
kDa and 48 kDa bands were measured in one frame because they ran
close together. For Ibal, the reported band of 17 kDa was measured.
Band gray values were divided by band gray values of a GAPDH loading
control to determine relative protein levels for each sample. One sham
value closest to the average of all sham values was used to normalize the
gray values on each blot.

Video-EEG data analysis. Digital EEG files were analyzed offline
manually by browsing the entire file on the computer screen and then
confirmed using semiautomatic analysis software (DClamp, Pediatric
Epilepsy Research, Massachusetts General Hospital). A synchronized
video recording was then used to associate a behavioral component
with convulsive or nonconvulsive seizures and to differentiate from
movement artifacts and signal noise. An electrographic seizure was
defined as high-amplitude rhythmic discharges with the following
epileptiform characteristics: (1) an evolution of the ictal event in
amplitude and frequency; (2) a defined EEG pattern of oscillations
within an ictal event: spikes, polyspikes, spike-and-wave discharges,
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or slow waves; (3) the seizure duration minimum 10 s; (4) epilepti-
form (interictal) spiking typically emerging before the onset of the
seizure; and (5) the ictal event followed by postictal depression (sud-
den EEG background suppression). Nonconvulsive seizure was de-
fined as sustained rhythmic epileptiform electrographic activity
accompanied by alterations in behavior in the absence of convulsive
movements (Mader et al., 2012). Power spectrum density was ana-
lyzed in MATLAB (The MathWorks) for both convulsive and non-
convulsive seizures in rdTBI animals.

Experimental design and statistics

Animals were distributed randomly into experimental groups. For each
experiment, groups included “IBI” and “Sham.” Figures 2, 3, 4, 5, 6, 7,
and 8 assessed outcome measures along a timeline after TBI/Sham. Fig-
ure 1 assessed the variables mouse strain and TBI/Sham for outcome
measures mortality and LOC. Figures 1, 2, and 3 assessed the variables sex
and TBI/Sham for outcome measures mortality, LOC, GFAP upregula-
tion, and Glt1 loss. Data were tested for normal distribution using the
Kolmogorov—Smirnov normality test. The precise statistical tests used
for each analysis were chosen as appropriate and specified in the Results
section and in Extended Figures 1-1 (available as Extended Data), 2-1
(available as Extended Data), 3-1 (available as Extended Data), 4-1
(available as Extended Data), 5-1 (available as Extended Data), 6-1
(available as Extended Data), 7-1 (available as Extended Data), and 8-1
(available as Extended Data) (typically two-way ANOVA with post hoc anal-
ysis for differences between multiple groups). Unless stated otherwise, all
values are reported as mean with SEM.

Statistics were computed and graphed with GraphPad Prism 7 soft-
ware. The significance level was set to p = 0.05. Scatter plots display
individual values and bar graphs display the mean with SEM. Statistical
significance is indicated with *p = 0.05, *p = 0.01, ***p = 0.001,
B0t < 0.0001.

Biological variables

Parts of our histological analysis relied on the use of transgenic astro-
cyte reporter mice (Aldhlll-eGFP) on FVB/N background, but
C57BL/6 mice are more widely used in TBI and epilepsy research.
Therefore, we assessed mortality rates, LOC, and histology in both
strains. Females are traditionally excluded from TBI research based
on studies showing a neuroprotective effect of endogenous estrogen
levels potentially increasing biological variability and complicating
data interpretation. Rather than excluding one sex, we assessed
whether male and female mice responded differently to our injury
paradigm (see Figs. 1, 2, 3).

Single and repetitive TBI caused similar astrocyte abnormalities in
both sexes (further described below), albeit at a lower frequency after
single injury. Given that these effects were mild even after repetitive
injury, we only assessed rdTBI animals in further detail. Both sexes were
included in subsequent experiments and analyzed separately unless oth-
erwise specified. Samples from male and female mice were pooled for
histological analysis. Animal sex for these samples is specified in Figures
1-1 (available as Extended Data), 2-1 (available as Extended Data), 3-1
(available as Extended Data), 4-1 (available as Extended Data), 5-1 (available as
Extended Data), 6-1 (available as Extended Data), 7-1 (available as Extended
Data), and 8-1 (available as Extended Data).

Results

Diffuse mild/concussive TBI induced LOC but no structural
lesions or tissue loss

To induce diffuse TBI in the absence of focal injury, we chose an
impact acceleration model calibrated to mild/concussive TBI
(Foda and Marmarou, 1994; Marmarou et al., 1994, 2009; Nich-
ols et al., 2016) in adult mice of both sexes at 12—16 weeks of age.
Our criteria for mild/concussive TBI included the following: (1) a
significantly prolonged period of unconsciousness of injured
mice compared with Sham mice, (2) a cumulative effect when
injuries were repeated, (3) alack of obvious tissue lesions and lack
of tissue necrosis or loss, and (4) low mortality rates in accor-
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dance with the definition of mild TBI in humans (Management
of Concussion/mTBI Working Group, 2009). In short, a 100 g
weight guided by a Plexiglas tube was allowed to impact a metal
disc placed on the mouse head while the mouse rested on a foam
pad rather than being fixed in a stereotactic apparatus. This al-
lowed for rapid acceleration and deceleration of the head upon
impact inducing diffuse injury (Foda and Marmarou, 1994; Mar-
marou et al., 1994, 2009). Sham animals underwent the same
procedure as the TBI mice (anesthesia, placement under the
Plexiglas tube, etc.) with exclusion of an impact.

We first assessed different drop heights and interinjury inter-
vals suitable to induce mild diffuse TBI in C57BL/6 and FVB/N
mouse strains. Behavioral abnormalities consistent with those
observed in patients with mild TBI were reported previously us-
inga 100 g weight at 70 cm height (Nichols et al., 2016), which we
used as a starting point.

Mortality rates

Single TBIs induced by weight drop from 50—70 cm height did
not cause mortality in FVB/N or C57BL/6 mice (Fig. 1a and
below for strain and sex differences): 0/7 mice died after a single
70 cm impact. However, a 100 g weight dropped three times from
70 cm height (n = 7; 24 h interinjury interval) or 60 cm height
(n = 38, 24 h interinjury interval) resulted in mortality rates as
high as 28.6% in FVB/N mice (70 cm) and 29% in C57BL/6 mice
(60 cm). This did not meet the criterion of a low mortality rate
after repetitive TBI and we thus reduced the weight drop height to
50 cm, which resulted in a mortality rates of 7% in C57BL/6 mice
(n = 59, males/females pooled, see Fig. 1a for separate analysis)
and 2% in FVB/N mice (n = 64, males/females pooled, see Fig. 1a
for separate analysis) even when injuries were spaced apart by
only 45 min.

A stepwise Bayesian information criterion was used to se-
lect a model that predicted mortality based on sex, weight,
height of weight drop, interval between injuries, strain, or
interactions between all predictors (Zhang, 2016). The pres-
ence of the injury (as opposed to no injury in Shams) was the
best predictor when Sham animals were included in the anal-
ysis (confidence: 99.99%). Height was the best predictor for
mortality in animals with single and repetitive injuries when
Sham animals were excluded from the analysis (confidence:
99.96%). Sex, weight, and strain were not significant predic-
tors of mortality (for sample sizes of all groups, see Fig. 1-1,
available as Extended Data).

LOC and cumulative effect of repetitive TBIs

In rodents, suppression of the righting reflex is a simple measure
for unconsciousness (Morehead et al., 1994). Isoflurane anesthe-
sia induced a short period of unconsciousness even in uninjured
Sham controls (Fig. 1b, p < 0.0001 for variable injury severity,
Kruskal-Wallis ANOVA with Dunn’s multiple-comparisons test;
for detailed statistical comparison between groups, see Fig. 1-1,
available as Extended Data). All injury groups presented with
significant longer times spent unconscious compared with Sham
controls. Single TBIs from 60 cm height caused significantly pro-
longed LOC compared with single TBI from 50 cm. Importantly,
repeating 50 cm TBIs three times with a 45 min interinjury
interval doubled the time mice spent unconscious. Such a
cumulative effect was not observed when TBIs were spaced
24 h apart even when the height was 60 cm (Fig. 15, p < 0.0001
for variable injury severity, Kruskal-Wallis ANOVA with
Dunn’s multiple-comparisons test, for statistical comparison
between groups, see Fig. 1-1, available as Extended Data). A
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Figure 1.

Mild/concussive TBlinduced LOC but presented without obvious tissue damage in C57BL/6 and FVB/N mice. a, Males and females displayed similar mortality rates when the 33X 50 cm

45 min TBI paradigm was used. Mortality rates for 3>< 60 cm injuries were high. b, Increased injury severity and frequency as well as decreased interinjury intervals increased the length of the
righting reflex recovery time as an indicator of LOCin C57BL/6 mice. ¢, (57BL/6 and FVB/N mice displayed comparable righting reflex recovery times after single TBI, but LOC was shorterin FVB/N mice
after rdTBI was induced. d, Sex did not affect the righting reflex recovery time after single or repetitive mild/concussive TBI (50 cm, 45 min interinjury interval) (rdTBI) in C57BL/6 mice. e, Histology
of the tissue using DAPI staining showed that rdTBI did not cause obvious tissue damage or loss. See Figure 1-1 (available as Extended Data) for breakdown of sample sizes dependent on sex for
representative images and detailed numerical data for all statistical group comparisons. *p = 0.05, ****p =< 0.0001.

small but significant difference after 50 cm, 45 min interinjury
interval TBI between C57BL/6 and FVB/N mice was noted
only when injuries were repeated (Fig. ¢, Fig. 1-1, available as
Extended Data; 3xTBI 50 cm 45 min, p = 0.0342, Sidak’s
multiple-comparisons test; p = 0.1102, two-way ANOVA for
variable “strain/genetic background”). Righting reflex recov-
ery times did not differ between C57BL/6 males and females
after single or repetitive 50 cm TBI, but a significantly in-
creased period of unconsciousness in females followed 60 cm
single TBI (Fig. 1d, 1xTBI 60 cm, p=0.0124, Sidak’s multiple-
comparisons test; p = 0.8702, two-way ANOVA for variable
“sex”; for sample sizes and statistical comparisons between
groups, see Fig. 1-1, available as Extended Data).

Lack of tissue lesions

Last, we examined the brain tissue of mice injured once or repet-
itively (50 cm height, 45 min) for tissue loss and large focal injury
sites. We did not observe any tissue loss or large structural lesions
in C57BL/6 (n = 25 TBI animals) or FVB/N (n = 61 TBI animals)
mice in either male (n = 50 TBI) or female (1 = 36 TBI) animals
(Fig. le; for breakdown of sample size and sex of different injury
paradigms, see Fig. 1-1, available as Extended Data). Similarly,

when imaging tissue stained with hematoxylin and eosin, we did
not observe any tissue abnormalities, including structural lesions.
However, we occasionally found microscopic contusions charac-
terized by enhanced cellular density surrounded by classic glial
scar formation when the weight drop height was 60 or 70 cm, but
not in the 50 cm injury paradigm. Based on these data, we settled
on an injury paradigm in which repetitive diffuse TBI is induced
by three weight impacts dropped from a 50 cm height with a 45
min interinjury interval.

rdTBI causes diffuse mild nonproliferative astrogliosis

Increased expression of intermediate filaments, particularly of
GFAP, isa standard indicator of astrogliosis. Immunohistochem-
istry against GFAP revealed small groups of astrocytes that up-
regulated GFAP in rdTBI mice 7 dpi. These groups were scattered
across the cortical gray matter, a brain region that contains only
few GFAP ™ astrocytes in uninjured Sham controls (Fig. 2a). The
area covered by GFAP ™ astrocytes was quantified using unbiased
stereology at 7 dpi, a time point by which GFAP levels are at the
peak after focal injuries, such as experimental stab wounds
(Robel et al., 2011b). In the cortical gray matter (with exception
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of the piriform cortex), an area fraction of 20% (*+5 SEM, n = 5)
was covered by GFAP ™ astrocytes after rdTBI, a fraction not
significantly higher than in Sham controls (16.07 = 3.18% SEM,
n = 5 for each group; p = 0.5251, two-tailed unpaired ¢ test).
However, the GFAP * main processes of astrocytes in rd TBI an-
imals (n = 3 males) appeared thickened compared with Sham
controls (n = 6, 3 males/3females) (Fig. 2b).

To determine whether there is an overall change in GFAP
protein expression, we next performed Western blot analysis
within the cortical gray matter (Fig. 2¢) or hippocampus (Fig. 2h)
at different time points after rdTBI comparing male (Fig. 2e,j,g,1)
and female mice (Fig. 2d,k; Fig. 2-1, available as Extended Data).
In the cortical gray matter of females, GFAP protein expression
was significantly increased at 4 hpi (n = 7, p = 0.0192) and 14 dpi
(n =5, p = 0.0006) compared with Sham controls (n = 5,
Kruskal-Wallis ANOVA with Dunn’s multiple-comparisons test;
Fig. 2-1, available as Extended Data) (Fig. 2¢,d). In females, the
mean increase of GFAP protein at 7 dpi appeared comparable to
the 4 hpi and 14 dpi time points, yet only reached significance in
a blot that directly compared males and females (Fig. 2f, p =
0.0057, Sham vs females at 7 dpi, Kruskal-Wallis ANOVA with
Dunn’s multiple-comparisons test; for all group comparisons,
see Fig. 2-1, available as Extended Data).

In the cortical gray matter of males, GFAP protein levels were
increased significantly at 14 dpi (n = 5, p = 0.0179, Sham vs
males at 14 dpi, Kruskal-Wallis ANOVA with Dunn’s multiple-
comparisons test; Fig. 2¢; Fig. 2-1, available as Extended Data).
Because we observed variability in the changes in GFAP levels
after TBI between animals, a larger number of samples from
males was tested at 7 dpi and mean GFAP protein levels were
significantly increased (Fig. 2¢) (n = 16, p=0.0345, Sham vs
males at 7 dpi, unpaired, two-tailed ¢ test; Fig. 2-1, available as
Extended Data). In summary, GFAP levels doubled by 7 dpi and
tripled by 14 dpi in both females and males.

In the hippocampus, where astrocytes express GFAP at higher
levels in the uninjured brain, we did not observe an increase in
GFAP levels at different time points after rdTBI in males (Fig.
2hyj, p = 0.5993, Kruskal-Wallis with Dunn’s multiple-
comparisons test; Fig. 2-1, available as Extended Data), females
(Fig. 2k, p = 0.4620, One-way ANOVA p = 0.5993, Kruskal-
Wallis with Dunn’s multiple-comparisons test; Fig. 2-1, available
as Extended Data), or when comparing both sexes (Fig. 2m, p =
0.0438, Kruskal-Wallis with Dunn’s multiple-comparisons test;
Fig. 2-1, available as Extended Data). However, when the sample
size was increased, a significant increase of GFAP after rd TBI was
observed in males at 7 dpi (n = 13, p = 0.0014) compared with
sham controls (n = 6) (Fig. 2n, Mann—Whitney test, two-tailed,
unpaired; Fig. 2-1, available as Extended Data).

Overall, upregulation of GFAP merely doubled or tripled as
aresult of rdTBI, which is relatively mild when considering the
fivefold increase of GFAP after focal stab wounds (Vijayan et
al., 1990), the sixfold increase in mouse brain tissue surround-
ing a glioma (Campbell et al., unpublished data), and the 16-
to 32-fold increase in Alexander’s disease mouse models (Jany
et al., 2013). Throughout all assays, we noted considerably
high variability of GFAP protein levels from animal to animal
after rdTBI.

Astrocytes do not proliferate after rdTBI

Mature astrocytes in the healthy adult brain are postmitotic, ex-
cept for the astrocyte-like stem cells within adult neurogenic
zones. After focal TBI, a subset of scar-forming astrocytes reenter
the cell cycle to increase astrocyte numbers at the site of injury
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(Buffo et al., 2008; Robel et al., 2011b). We assessed whether
GFAP ™ astrocytes proliferated after rdTBI using immunohisto-
chemistry against the cell cycle protein Ki67 at 3 dpi in Aldh111-
eGFP reporter mice. Although many Ki67 * cells were observed
in adult neurogenic zones, only 1/3206 GFP " astrocytes (n = 3
animals) double-labeled for Ki67 and this cell was GFAP ~ in the
cortical gray matter. In 3xSham control animals, 2/3618 GFP *
astrocytes (n = 4 animals) colabeled for Ki67 and colabeled cells
were also GFAP .

To ensure that a potentially small population of astrocytes
reentering the cell cycle and that the proper time frame for cap-
turing proliferating astrocytes was not missed, we next labeled all
cells undergoing DNA synthesis with the DNA base analog BrdU.
Aldh111-eGFP reporter mice were injected with BrdU twice daily
starting at the day of single or rdTBI for 7 consecutive days. The
number of GFP "/BrdU ™" cells was determined in the cortical
gray matter of Sham and injured animals in areas where GFAP *
cells were present. In Sham mice, 0.1 = 0.1% of astrocytes had
incorporated BrdU (1/946 GFP " astrocytes, n = 3 animals). In
mice with TBI, 0.6 = 0.2% (single TBI: 4/796 GFP ™ astrocytes,
n = 3 animals) and 0.8 + 0.5% (rdTBI: 5/659 GFP * astrocytes,
n = 3 animals) of astrocytes also labeled for BrdU (3xSham vs
IxTBL, p = 0.3448, Kruskal-Wallis ANOVA with Dunn’s
multiple-comparisons test). These astrocytes accounted for 1.6 =
1.6% of the total BrdU* cell population in Sham mice, 5.2 *
1.0% and 7.0 * 3.5% in single and rdTBI animals, respectively.
The remainder of the BrdU ™ population can likely be accounted
for by slowly cycling NG2 cells and turnover of microglia (Simon
etal., 2011).

We conclude from these data that rdTBI did not induce pro-
liferation of the GFAP " astrocyte population.

rdTBI induced an atypical astrocyte response

To further assess the response of astrocytes to rdTBI, immuno-
histochemistry for key astrocyte proteins mediating homeostatic
functions was performed. We found that the cortical gray matter
of mice that underwent rdTBI contained areas devoid of astrocyte
markers, including Kir4.1, Glt1, Connexin43 (Cx43), glutamine
synthetase (GS), and S1008 compared with the consistent stain-
ing pattern in brain tissue from Sham animals (Fig. 3a; Fig. 3-1,
available as Extended Data). When brain slices were stained
against several astrocytic proteins simultaneously, for example,
Kir4.1 and Gltl together (Fig. 3b; Fig. 3-1, available as Extended
Data), we observed an overlap between the areas with loss or
reduction of expression, indicating that the same astrocytes were
affected. Unbiased stereology revealed that ~6% of the entire
cortical area was affected by Glt1 loss, both at 1 dpi (p = 0.0104)
and 14 dpi (p = 0.0066) compared with Sham controls (Fig. 3c,
two-way ANOVA for variable “injury” TBI/Sham; for detailed
statistics, see Fig. 3-1, available as Extended Data) and rdTBI
males and females did not significantly differ (Fig. 3d, p = 0.8742,
two-way ANOVA for variable “sex”; for detailed statistics, see Fig.
3-1, available as Extended Data).

The astrocytic protein loss occurred either in single astrocytes
scattered across the cortical gray matter and hippocampus or in
larger groups of cells (Figs. 3, 4). This phenomenon was noted as
early as 4 h after the first injury and persisted for at least 2 months
(Fig. 4, Table 3).

We next assessed the expression pattern of the Aldh111-eGFP
reporter, in which GFP expression is dependent on the activity of
the astrocyte-specific Aldh1l1l promoter. In our experience, this
reporter is upregulated in reactive astrocytes surrounding stab
wounds or gliomas. After rdTBI, we found that the reduced GFP
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rdTBI caused mild upregulation of GFAP and hypertrophy in a subset of astrocytes. a, rdTBI resulted in small groups of astrocytes scattered across the cortical gray matter that expressed

GFAP at7 dpi. Gray matter astrocytes in the forebrains of uninjured adult mice tile, resulting in an even distribution of Aldh111-eGFP reporter-positive astrocytes (3xSham, 7 d). After rdTBI, astrocytes
disappeared or downregulated expression of the Aldh111-eGFP reporter (see also Fig. 4) indicated by areas with reduced levels of Aldh111-eGFP 7 dpi (rdTBI, and upper inset). (Figure legend continues.)
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rdTBI induced atypical astrocytes. a, Confocal imaging showed that the astrocyte proteins Kir4.1, Glt1, GS, S1003, and (x43 were downregulated in some astrocytes after

rdTBI. GS and S1003 were stained in the same brain slice. b, rdTBI resulted in downregulation of Kir4.1 and GIt1 either in large areas or in single astrocyte domains scattered across the
cortical gray matter at 14 dpi. Consistent DAPI density across these regions, seen in the images to the left, indicated intact tissue. ¢, Unbiased stereology quantified the total area without
GIt1 within the cortical gray matter after rdTBI compared with 3xSham at 1 dpi and 14 dpi. d, Stratifying these data based on sex does not reveal significant differences. See Figure 3-1
(available as Extended Data) for breakdown of sample sizes dependent on sex for representative images and detailed numerical data for all statistical group comparisons. *p = 0.05,

**p < 0,01,

levels in peripheral fine processes of Aldh111-eGFP * astrocytes
closely followed the loss of Glt1. Reduced GFP levels in Aldh111-
eGFP " astrocytes occurred as early as 4 hpi and was sustained
for at least 2 months after rdTBI (Fig. 4a, Table 3). We did

<«

(Figure legend continued.) b, Astrocytes with uprequlated GFAP showed swelling of pro-
cesses compared with GFAP positive astrocyte in 3xSham at 7 dpi. ¢—I, GFAP levels were mildly
increased after rdTBI. Western blot for GFAP in cortical gray matter of female mice at different
time points after rdTBI (¢; quantified in d for females and in e for males) compared male (f) and
female (g) mice and increased male sample number. Western blot for GFAP in hippocampus
ofmale mice at different time points after rdTBI (h; quantified in i for males and in j for females)
compared male (k) and female (/) mice with increased male sample number. See Figure 2-1
(available as Extended Data) for breakdown of sample sizes dependent on sex for representative
images and detailed numerical data for all statistical group comparisons. *p =< 0.05, **p =<
0.01, ***p =< 0.001.

observe remnant Aldh111-eGFP * astrocyte cell bodies in the
areas that lacked GFP " and Glt1 expression in peripheral pro-
cesses. However, the number of GFP ¥ astrocyte cell bodies
was reduced by about half at 4 hpi (p = 0.0049), 3 dpi, and 28
dpi (p < 0.0001) (Fig. 4b, two-way ANOVA for variable “as-
trocyte density by location”; for detailed statistics, see Fig. 4-1,
available as Extended Data). We next performed two-photon
in vivo imaging through a thinned-skull cranial window,
which enabled observing the same animal before and repeat-
edly after rdTBI. Histology suggested that areas with reduction
of Aldh111-eGFP expression overlap with areas that also show
a reduction in Gltl1, Kir4.1, Cx43, S1008, and GS. We thus
used Aldh1l1-eGFP animals to identify astrocytes in vivo.
First, an imaging protocol was developed that assured that
exposure to the two-photon laser did not induce phototoxicity
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Figure 4.  Repetitive mild/concussive TBI caused early and sustained astrocyte protein downregulation. a, Confocal imaging at several time points showed consistent downregulation of the
Aldh111-eGFP reporter Glt1and GCaMP5G in the cortical gray matter after rdTBI. DAPI staining indicated tissue integrity throughout these regions. b, Quantification of Aldh111-eGFP ™ cell bodies in

areas with Aldh111-eGFP ™ /GIt1 loss astrocytes compared with the peripheral regions surrounding these areas. ¢, Repeated two-photon imaging in the same Aldh111-eGFP animal before and after
rdTBI. Aldh111-eGFP loss was observed starting 1 dpi and was at its maximum on day 9 after rdTBI. Blue (sham) and red (rdTBI) arrows indicate stable “landmarks” (Figure legend continues.)
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Table 3. Summary of protein expression changes observed in
immunohistochemistry of atypical astrocytes

Time point

Astrocyte marker ~ Acute  4hpi  1dpi  3dpi  7dpi 14dpi 28dpi 56dpi
GFAP N/A N/A ! N/A l l N/A N/A
Kir 4.1 N/A l N/A - N/A l l N/A N/A
Glt1 ! N 2 \ \
GS N/A l N/A N/A l N/A N/A N/A
51008 ! N A N \ )
X43 N/A N/A N/A  N/A l N/A N/A N/A
Aldh1l1 eGFP l l l l l l | l
GCaMP5G ! N/A ! N/A l N/A N/A N/A
IRES tdTomato 1 1 ) N/A ) N/A N/A N/A
Aldh1T tdTomato ~ N/A N/A N/A  N/A 1 N/A N/A N/A

Note that whereas GFAP was absent in atypical astrocytes, it was upregulated in other subsets of astrocytes after
rdTBI.

N/A, Not applicable.

and loss of GFP expression in uninjured Aldh111-eGFP mice.
Baseline imaging (before rdTBI) was performed after the
thinned-skull window was prepared. Unfortunately, although
astrocyte cell bodies were readily visible in Aldhl1l1-eGFP
mice, finer processes could not be resolved to study subtle
changes in astrocyte morphology after rdTBI. After baseline
images were obtained, mice underwent rdTBI followed by
post-TBI imaging (see detailed step-by-step protocol in Shan-
dra and Robel, 2019). We did observe loss of reporter expres-
sion in two of four rdTBI mice, but no changes were observed
in the other two rdTBI animals or Sham controls (Fig. 4¢,d;
Fig. 4-1, available as Extended Data). Given that the imaging
window is relatively small, the imaging depth is limited to
~100 wm, and the location of “damage” resulting from rdTBI
is unpredictable, it is possible that areas with reporter loss
were missed in some rdTBI mice. In summary, two-photon in
vivo imaging confirmed the reduction in Aldh111-eGFP re-
porter expression in response to rdTBI.

Finally, to determine whether astrocyte proteins and re-
porters were downregulated in classically reactive astrocytes,
we used Aldh1l1-eGFP reporter mice and colabeled with an
antibody against the astrogliosis marker GFAP. Importantly,
not only were astrocytes in these areas negative for GFAP, we
also did not observe upregulation of GFAP in astro-cytes sur-
rounding these areas (Fig. 2a, box; Fig. 2-1, available as Ex-
tended Data).

Atypical astrocytes do not undergo cell death after rdTBI

To determine whether astrocytes might be dying, we attempted
to colabel the remaining Aldh111-eGFP ™ cell bodies in areas with
reduced Glt1/Aldh111-eGFP reporter staining with immunobhis-
tochemistry against the apoptosis marker cleaved Caspase-3 or
used fluorescent Terminal deoxynucleotidyl transferase dUTP
Nick-End Labeling (TUNEL). Although controls determined
that the assays worked, astrocytes did not label with TUNEL or
cleaved caspase-3 acutely (4 hpi) or at later time points (28—56
dpi) after rdTBI.

<«

(Figure legend continued.)  to aid orientation within the images. d, Astrocytes are presented
in areas with Glt1 and GCaMP5G downregulation as indicated by the presence of other two
astrocyte-specific reporters expressing the fluorescent protein tdTomato. See Figure 4-1 (avail-
able as Extended Data) for breakdown of sample sizes dependent on sex for representative
images and detailed numerical data for all statistical group comparisons. **p < 0.01, ****p <
0.0001.
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These data were further corroborated by quantifying cell den-
sities by counting DAPI ™ nuclei in areas with Aldh111-eGFP re-
porter loss compared with surrounding cortical areas. Peripheral
areas, rather than Sham animals, were chosen as controls because
cell densities vary significantly from cortical layer to cortical layer
and along the anterior—posterior axis, making it difficult to ex-
actly match brain regions in Sham animals to the regions with
reporter loss in mice that underwent rdTBI. Cell densities were
unchanged at 4 hpi (area with reduced of reporter expression:
2128 DAPI ™ nuclei/mm?, periphery: 2110 DAPI ™ nuclei/mm?,
p = 0.9994), 3 dpi (area with lack of reporter expression: 1705
DAPI " nuclei/mm?, periphery: 1814 DAPI* nuclei/mm?, p =
0.8792), and 28 dpi (area with lack of reporter expression: 1693
DAPI " nuclei/mm?, periphery: 2068 DAPI ™ nuclei/mm?, p =
0.0825, two-way ANOVA with Sidak’s multiple-comparisons
test). Proliferation assays using immunohistochemistry against
either Ki67 or BrdU at 3 dpi and 7 dpi, respectively, revealed that
these astrocytes did not undergo cell division (Sham: 0/636
GFP */BrdU * astrocytes; single TBI: 0/330 GFP */BrdU * astro-
cytes, rdTBI: 0/331 astrocytes were GFP */BrdU *; n = 3, 2 fe-
males, 1 male in each group).

To determine whether only expression of astrocyte-specific
proteins was affected, we took advantage of the genetically en-
coded GCaMP5G Calcium indicator (Gee et al., 2014), which was
conditionally expressed in astrocytes after Cre-mediated excision
of a stop cassette using the mouse GFAP-Cre line 73.12 (Herr-
mann et al.,, 2008) (C57BL/6 genetic background). Once Cre
recombination took place during postnatal development, GCaMP5G is
continuously transcribed from the strong synthetic promoter
CAG and should thus not be affected by injury-induced changes
to the astrocyte transcriptome. GCaMP5G is a GFP derivative
and can be detected with antibody staining against GFP. How-
ever, GCaMP5G was also downregulated in the Glt1 ~ subsets of
parenchymal astrocytes (Fig. 4a; Fig. 4-1, available as Extended
Data).

We used a third reporter that expressed the red fluorescent
protein tdTomato as part of the GCaMP5G reporter (C57BL/6
genetic background), but is translated from an internal ribo-
somal entry site (IRES) rather than the 5'-untranslated region.
Surprisingly, expression of this reporter is enhanced in astrocytes
lacking Glt1 or GCamp5G expression at 7 dpi (Fig. 4a; Fig. 4-1,
available as Extended Data). We speculated that IRES-mediated
translation was enhanced in response to rdTBI as IRES-mediated
proteins can be upregulated as part of the cell stress response
(Komar and Hatzoglou, 2011). However, the Aldh1l1-tdTomato
reporter mice (FVB/N//Crl:CD1(ICR) mixed background), in
which tdTomato expression is dependent on Aldhlll as a pro-
moter and is not regulated by an IRES, responded similarly to the
IRES-tdTomato reporter with an increase in tdTomato expres-
sion in areas of Gltl downregulation at 7 dpi (Fig. 4a; Fig. 4-1,
available as Extended Data). The genetic background did not
appear to be the factor determining whether a reporter was up-
regulated or downregulated because either response was ob-
served in transgenic strains on C57BL/6 and FVB/N background.
Aldh1l1-reporter mice are both BAC transgenic lines created by
the GENSAT project and the integration site(s) of the BAC con-
structs are unknown. It is thus possible that differing genomic
regions surrounding the transgene caused the contradictory re-
sponses of both Aldhlll-reporters to rdTBI. Alternatively, the
raw fluorescence of the GFP, GCAMP5G, and tdTomato fluoro-
phores may be affected differentially by potential injury-induced
changes of the intracellular pH of astrocytes.
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Atypical astrocytes are uncoupled from the

astrocytic network

Next, we determined whether normal astrocyte functions were
impaired in atypical astrocytes. Cx43 is the main gap junctional
protein in astrocytes crucial for their ability to form a functional
syncytium (Dermietzel et al., 1991; Griemsmann et al., 2015;
Bouchat et al., 2018). The integrity of this network is essential to
astrocytic function and loss of gap junctional coupling has been
associated with epilepsy (Steinhéuser et al., 2012; Pannasch and
Rouach, 2013; Bedner et al., 2015). To test whether atypical as-
trocytes were uncoupled due to their lack of Cx43 (and possibly
other uninvestigated gap junctional proteins), we patched on
Aldh1l1-tdTomato  astrocytes in acute brain slices 7-15 dpi.
The internal solution contained biocytin, a small molecule able to
pass through gap junctions. In healthy astrocyte networks, bio-
cytin diffused from the originally patched cells to neighboring
astrocytes labeling cells even far from the “cell of origin” (Koni-
etzko and Miiller, 1994; Condamine et al., 2018). Of 43 slices (13
animals) with biocytin-filled astrocytes, 18 contained atypical as-
trocytes characterized by the presence of Aldh1l1-tdTomato but
absence of Glt1. The area of astrocytes with biocytin-labeling was
quantified in atypical tdTomato */Glt1 ~ and neighboring tdTo-
mato "/Glt1 ™ areas (Fig. 5). Biocytin was preferentially excluded
from atypical astrocytes (Fig. 5¢,d) (paired t test, p < 0.0001),
suggesting disrupted coupling between atypical astrocytes and
their neighbors.

rdTBI causes mild activation of microglia

We next determined whether microglia responded to rdTBI
and if their response differed in regions with atypical astro-
cytes. Immunohistochemistry against the pan-microglia
marker Ibal and Cd11b, which is upregulated in reactive mi-
croglia, was performed in Sham and rdTBI Aldhl1l1-eGFP
mice 4 hpi, 1 dpi, 3 dpi, 7 dpi, and 56 dpi. Confocal images
were taken after rdTBI within regions with atypical astrocytes,
in regions without atypical astrocytes (rdTBIr), and in match-
ing brain slices from Sham animals. A pronounced injury-
induced increase in Cdllb labeling was absent when
comparing ROIs between Sham, rdTBI and rdTBIr (Fig. 6a;
for breakdown of group sizes, see Fig. 6-1, available
as Extended Data). We did note an increase in Ibal immuno-
fluorescence intensity in rdTBI tissues. At 4 hpi, 3 dpi, and 7
dpi, this increase seemed to be restricted to areas with atypical
astrocytes. At 1 dpi, areas without atypical astrocytes showed a
similar increase in Ibal. At 56 dpi, Ibal intensity was compa-
rable among Sham, rdTBI, and rdTBIr (Fig. 6a; Fig. 6-1, avail-
able as Extended Data). Higher-resolution images revealed a
thickening of microglia processes until 7 dpi, whereas this
appeared to be resolved at 56 dpi in areas with atypical astro-
cytes. Occasionally, microglia densities appeared reduced in
parts of areas with atypical astrocytes (Fig. 6b). Total cortical
Ibal protein levels assessed by Western blot doubled at 7 dpi
(n =15, p = 0.0359) compared with Sham controls (n = 8,
Kruskal-Wallis ANOVA with Dunn’s multiple comparisons
test; data from male and female blots were pooled for analysis;
Fig. 6¢,d). Microglia appeared to respond mildly to rdTBI.

Atypical astrocytes overlap with areas of neuronal stress but
unchanged neuronal density after rdTBI

To determine whether atypical astrocytes influenced neuronal
survival, we used the pan-neuronal marker NeuN or fluorescent
Nissl staining and quantified neuronal densities within areas of
atypical astrocytes compared with neighboring areas of cortical
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Figure 5.  Biocytin is preferentially excluded of areas with atypical astrocytes. a, Con-
focal image of an acute brain slice that was labeled with GIt1 Aldh111-tdTomato following
biocytin filling of a single astrocyte using whole-cell patch clamping. Biocytin spreads to
neighboring astrocytes through gap junctions. Atypical astrocytes were outlined by a
yellow dotted line. b, Binary image showing the biocytin-positive pixels that overlap with
Glt-17 tdTomato * (left) and with the atypical astrocytes (right). ¢, Merged image of the
tdTomato, GIt1, and biocytin channels. d, Graph showing the distribution of biocytin
between the Glt-1" tdTomato ~ area and the atypical area. If biocytin were evenly
distributed between atypical areas and TdTom */Glt1 ™ area, then each area would have
an expected value of 50% biocytin pixels and both areas add to a total value of 100%. See
Figure 5-1 (available as Extended Data) for breakdown of sample sizes dependent on sex
for representative images and detailed numerical data for all statistical group compari-
sons. ****p =< 0.0001.

layer II/III. Layer I (included in the outline of areas with atypical
astrocytes in Fig. 7) contains only few neurons and areas of atyp-
ical astrocytes rarely reached into cortical layers V and VI. Layer
IV was excluded for quantification due to the pronounced differ-
ence in neuronal densities compared with layers II/III. Within
areas of atypical astrocytes, downregulation or redistribution of
NeuN was sometimes noted, especially when these areas were
large (Fig. 7a; Fig. 7-1, available as Extended Data). NeuN down-
regulation or redistribution occurred as early as 1 dpi and per-
sisted for at least 28 dpi. This phenomena has previously been
described as a stress response of neurons to different kinds of
injury (Robel et al., 201 1a; Gusel’nikova and Korzhevskiy, 2015).
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Repetitive diffuse TBI caused
spontaneous, unprovoked,

recurrent seizures

TBI can induce epileptogenesis, a pro-
cess during which neuronal networks
are modified, ultimately resulting in
network hyperexcitability or even un-
provoked recurrent seizures. To deter-
mine whether global neuronal function
was affected by rdTBI, we continuously
monitored brain function using video-
EEG. Given that seizure frequencies re-
ported in rodent models of PTE are low
(Pitkinen and Immonen, 2014), mice
were fitted with EEG electrodes imme-
diately following rdTBI and recorded
continuously 24/7 starting at 4 dpi for
up to 110 d after rdTBI.

Overall, 4 of 9 rdTBI animals pre-
sented with spontaneous recurrent sei-
zures, whereas no seizures were observed
in Sham mice (n = 6) and the remaining 5
rdTBI animals (Fig. 8a—d). Three of these
4 animals had convulsive seizures charac-
terized by freezing, facial automatisms
(Racine stage 1), head nodding and tail
extension (Racine stage 2), and some-
times progression to bilateral forelimb
clonus, rearing and falling (Racine stage
5) (Fig. 8¢). One animal experienced a sei-
zure cluster (five seizures on the same day,
with return to baseline EEG between the
- ictal events). Before and/or after the ictal

rdTBIr

56dpi rdTBI

8
kDa _Sham 4hpi 7dpi e A episode intermittent epileptiform interic-
17> w Ibat g * tal activity occurred, represented by par-
L . .
o4 o oxysmal spike discharges (defined as
35 > [ - ———— e - | GAPDH 3 I .
£ o e T sharp-shaped potentials of 30-70 ms and
rf'o—'j #‘l o spike-sharp wave discharges of <200 ms).
Sﬁgr: ﬂPirdTT”Pi_ A postictal EEG background depression

Figure 6.

comparisons. *p = 0.05.

To ensure that neuronal densities were accurately determined
and that all neurons including NeuN-deficient ones were
counted, fluorescent Nissl staining was used (Fig. 7b; Fig. 7-1,
available as Extended Data). No difference in neuronal densities
was observed within areas of astrocyte dysfunction up to 28 dpi
(Fig. 7¢, p = 0.6998 for variable “neuronal density by location,”
Kruskal-Wallis ANOVA with Dunn’s multiple-comparisons test;
Fig. 7-1, available as Extended Data), suggesting that the lack of
expression of astrocyte homeostatic proteins did not immedi-
ately induce neuronal death. However, we cannot exclude func-
tional changes in those neurons.

Microglia were mildly activated after rdTBI. a, Confocal images within regions with atypical astrocytes (rdTBI),
in regions without atypical astrocytes (rdTBIr), and in matching brain slices from Sham animals after staining for Iba1and
Cd11b showed IbaT upregulation at 4 hpi and 7 dpi and was resolved at 56 dpi. b, Enlarged images with normal Iba1
expression in 3xSham mouse at 7 dpi (a); enhanced Iba1 levels and thickened processes at 4 hpi (b) and 7 dpi (c), whereas
this was resolved at 56 dpi in areas with atypical astrocytes (d). Occasionally, microglia densities appeared reduced in parts
of areas with atypical astrocytes (b, arrows). ¢, Western blots for Ibal compared expression in female (pictured) and male
cortical gray matter across postinjury time points (quantified in d). See Figure 6-1 (available as Extended Data) for
breakdown of sample sizes dependent on sex for representative images and detailed numerical data for all statistical group

was observed after each stage 5 convulsive
seizure (Fig. 8¢). One rdTBI mouse
presented with recurrent episodes of non-
convulsive seizures with uniform mor-
phology, unilateral or bilateral origin
spike-wave discharges emerging during
sleep and/or wakefulness. During wake-
fulness, nonconvulsive seizures were ac-
companied by “freezing behavior” or
behavioral arrest lasting on average 20-30
s (Fig. 8d). One rdTBI mouse presented
with only one nonconvulsive seizure. Oc-
currence of two spontaneous seizures spaced apart by at least 24 h
is used as minimum criterion for an epilepsy diagnosis in hu-
mans. We thus excluded this mouse from quantifications of seizure
incidence, frequency, power spectrum analysis, and Glt1 area loss
fraction quantification.

Power spectral analysis showed that convulsive seizures consisted
predominantly of 30—40 Hz frequency bands (gamma rhythm) at
seizure onset, with postictal depression at 4.5-8.5 Hz frequency
(theta rhythm) (Fig. 8e). Nonconvulsive seizures had frequency
power density spectra similar to animals with convulsive seizures
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(2]

1dpi  3dpi 7dpi 14dpi 28dpi

Fold change neuronal density
in areas of Aldh111-eGFP reduction

Neuronal densities were unchanged in areas with atypical astrocytes. Areas with atypical astrocytes are indicated by a solid yellow line. a, In areas with atypical astrocytes, expression

of the pan-neuronal marker NeuN was abnormal. Three distinct patterns were seen (rightmostimage): those that were consistent in NeuN intensity outside and appeared normal (1), those that had
an overall decrease in NeuN expression (2), and those that formed a ring of NeuN where the center of the soma was void of NeuN (3). b, Niss| staining labeled all neurons in areas with abnormal
astrocytes at various time points. ¢, Quantification of neuronal numbers within cortical layers II/Ill normalized to area size within areas of atypical astrocytes and in peripheral areas.
Neuronal densities inimmediately adjacent “peripheral” areas were set to 1 and the fold change of densities within areas of loss was computed for each ROI. See Figure 7-1 (available as
Extended Data) for breakdown of sample sizes dependent on sex for representative images and detailed numerical data for all statistical group comparisons.

(Fig. 8e) and the distinction was made based on behavioral observa-
tions in synchronized video recordings.

Seizure frequencies were calculated including both convulsive
and nonconvulsive events starting at the day of the seizure onset
until the end of the recording period for each animal and
averaged 3 seizures in 10 d. There was notable variability in
seizure frequencies from animal to animal (Fig. 8f, seizure
frequencies compared between PTE ", PTE ~, and Sham mice:
one-way ANOVA, p = 0.0042; Sidak’s multiple-comparisons
test, p = 0.0073; Fig. 8-1, available as Extended Data). The
earliest seizure was observed at 21 dpi. The average latency to
the first spontaneous seizure was 38 = 7.642 d (mean = SEM).

Areas with atypical astrocytes are larger in animals with PTE
Overall no tissue loss was observed in mice with seizures com-
pared with sham mice, but one rdTBI mouse with convulsive
seizures had hippocampal atrophy (Fig. 8¢; Fig. 8-1, available as
Extended Data).

To determine whether there were differences in the astrocyte
response between rdTBI animals that incurred seizures and those
that did not develop seizures, we quantitatively assessed the size
of areas with Glt1 loss as a surrogate for atypical astrocytes. Mice
that developed spontaneous seizures (convulsive and nonconvul-
sive combined) had significantly greater Gltl area loss fractions
compared with mice that underwent rdTBI but did not develop
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Figure8. rdTBI caused spontaneous, unprovoked, recurrent seizures. a, Pie chart representing the incidence of seizures in mice with rdTBI. Four of 9 (44%) mice developed recurrent spontaneous
seizures; 3 (33%) mice developed convulsive seizures; 1 (11%) mouse developed recurrent spontaneous nonconvulsive seizures; and 5 of 9 (56%) mice had no seizures. b, EEG trace of a 3xSham
mouse 50 d after the electrode placement surgery. Channel (Ch) reading: right parietal electrode to left parietal electrode. ¢, EEG trace of a mouse with a spontaneous convulsive seizure 35 dpi. The
enlarged panel (with time scale 3 s) indicates emergence of high-amplitude evolving repetitive spikes and spike-waves followed by postictal depression (right part of the enlarged panel). Channel
reading as in b and d, EEG traces of a nonconvulsive seizure at 65 dpi consisting of repetitive high-amplitude spike-and-slow wave discharges in the absence of any (Figure legend continues.)
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seizures (Fig. 8h,; p = 0.0432, unpaired ¢ test; Fig. 8-1, available
as Extended Data).

In conclusion, we showed for the first time that repeated dif-
fuse closed-head TBI is sufficient to induce PTE characterized by
recurrent spontaneous seizures in a subset of injured mice and
that this subset of mice presents with larger areas of atypical
astrocytes, suggesting that the rapid changes that astrocytes un-
dergo after rdTBI might be causally linked to epileptogenesis.

Discussion

Impact acceleration model recapitulates diffuse TBI

Although no animal model fully recapitulates the complex and
heterogeneous biomechanics of human TBI, the impact accel-
eration model used in this study induces diffuse injury, is
scalable from mild to severe, and mimics many clinical aspects
of closed-head TBI, including diffuse axonal injury and LOC
(Foda and Marmarou, 1994; Marmarou et al., 1994, 2009). If
calibrated to mild/concussive injury (i.e., in the absence of
focal lesions and pronounced neuronal death), sleep distur-
bances, increased anxiety, and cognitive deficits result (Nich-
ols et al., 2016) and are similar to symptoms reported by
patients who incurred a clinically mild/concussive TBI. In our
study, single and repetitive impacts of a 100 g weight from 50
cm height resulted in prolonged LOC indicative of TBI. How-
ever, obvious tissue lesions, hemorrhages, pronounced neuro-
inflammation, and neuronal death were not caused within the
cortical gray matter or hippocampus of mice that were injured
once or repetitively. This model thus adequately mimics dif-
fuse injury in the absence of focal TBI.

Heterogeneity of the astrocyte response to brain injury

A major challenge in characterizing reactive astrocytes is the un-
derappreciated heterogeneity of these cells in the context of brain
injury and neurological disease (Zhang and Barres, 2010; Ander-
son et al., 2014; Robel, 2017). Due to the reliability of the astro-
gliosis response, it is often thought of as an “all or none” process
based solely on the upregulation of GFAP. However, the extent
and exact composition of cellular, molecular, and physiologi-
cal adjustments are not equal for each astrocyte. In fact, dif-
ferent reactive astrocyte types may be protective or neurotoxic
(Zamanian et al., 2012; Liddelow et al., 2017). Some reactive
astrocytes have been reported to reexpress factors important
for synaptogenesis (Zamanian et al., 2012) and axonal guid-
ance (Anderson et al., 2016), possibly aiding in CNS plasticity
and repair. Others are characterized by loss of homeostatic
functions affecting neuronal health and function negatively
(Seifert et al., 2010; Robel and Sontheimer, 2016). Astrogliosis
is a plethora of graded alterations to gene and protein expres-
sion, the secretome, and morphology (Sofroniew, 2014).

<«

(Figure legend continued.) ~ movement of the mouse. Channel reading: Ch1right frontal to
left parietal electrode; Ch2 left parietal to right parietal electrode. e, EEG power spectrum
analysis of normal EEGs and convulsive and nonconvulsive seizures. The power density
spectra are color-coded on a logarithmic scale (dB). Pink panels in c—e show the location
of theictal eventin the EEGand in the corresponding power spectrum. f, Seizure frequency
in rdTBI mice with convulsive and nonconvulsive seizures compared with 3xSham. g,
Histological confirmation of the absence of gross tissue loss induced by either rdTBI or
electrode placement surgery. h, Diffuse loss of GIt1 and Kir4.1 expression in astrocytes in
mice with spontaneous recurrent seizures and quantification of GIt1 loss in i. See Figure
8-1 (available as Extended Data) for breakdown of sample sizes dependent on sex for
representative images and detailed numerical data for all statistical group comparisons.
*p = 0.05,**p < 0.01.
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Therefore, variable changes modify astrocyte—neuron interac-
tions and modulate neuronal function in highly specific ways
that have yet to be fully elucidated. This underscores the ne-
cessity to evaluate the astrogliosis response specifically for dif-
fuse TBI. In the absence of a focal injury, our study showed
little classic astrogliosis with rather mild upregulation of in-
termediate filament proteins and the absence of astrocyte pro-
liferation. GFAP *, lightly hypertrophic astrocytes were often
organized in small groups scattered across the cortical gray
matter, yet the location and number of these groups varied
from animal to animal. Proteins important for astrocyte ho-
meostatic function appeared unchanged within these areas.

After focal TBI, a gradient of reactive astrocytes develops
around the injury site with severely altered reactive astrocytes
closest to the site of injury and mildly activated ones at greater
distances away from this site. After diffuse TBI, such a gradient
was not observed and, instead, we found a different type of reac-
tive astrocyte if astrocyte “reactivity” is defined as the response of
astrocytes to brain pathology.

New subtype of reactive astrocytes lacking GFAP expression
Locally distinct from the groups of mildly reactive GFAP * astro-
cytes, another subgroup of astrocytes rapidly shut down expres-
sion of astrocytic proteins, including the glutamate transporter
Gltl and the potassium channel Kir4.1. The astrocyte reporter
Aldh111-eGFP responded similarly. This occurred as early as 30
min after a single diffuse TBI, suggesting a time line much faster
than classic astrogliosis during which GFAP upregulation and
morphological changes happen over the course of several days
(Robel et al., 2011b) rather than minutes and was sustained for at
least 2 months after injury. We suggest categorizing these astro-
cytes as a distinct reactive astrocyte subtype based on the obvious
changes to their proteome and likely impairment in homeostatic
functions, albeit with a notable lack of GFAP upregulation. In
fact, the lack of GFAP expression in these cells implicates that
GFAP is perhaps not well suited as an all-encompassing marker
for reactive astrocytes.

Consequences of atypical reactive astrocytes

Areas of atypical astrocytes accounted for ~6% of the cortical
gray matter. Based on an average number of 16,000 astrocytes/
mm° in the mouse cortex (Grosche et al., 2013), this accounts
for 960 astrocytes/mm>. Astrocytes tile the brain with little or
no overlap between neighboring cells and each astrocyte cov-
ers three or four neuronal soma, hundreds of dendrites, and
~100,000 synapses (Freeman, 2010). Therefore, a lack of po-
tassium and glutamate transporters within individual astro-
cyte domains is likely to affect, not only the neuronal soma
located within the domain, but also all synaptic connections in
these areas.

Numerous studies have provided compelling evidence that
classical reactive astrocytes are dysfunctional in their ability to
maintain a local ion and transmitter milieu suitable to sustain
normal neuronal activity (Olsen and Sontheimer, 2008; Ortinski
etal., 2010; Seifert etal., 2010; Robel and Sontheimer, 2016; Robel
etal,, 2015). These studies make a cogent case for astrocytes being
more than just bystanders of the disease and support the hypoth-
esis that changes in astrocyte biology may actively contribute to
epilepsy. However, studies pointing to a causal relationship be-
tween reactive astrocytes and epilepsy were conducted in animal
models that presented with widespread astrogliosis composed of
hypertrophic, non-scar-forming, reactive astrocytes (Ortinski et
al., 2010; Robel et al., 2015). Whether locally confined and TBI-
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specific changes in astrocytes are sufficient to initiate and drive
progression toward PTE remains an unresolved issue. We pro-
pose that the early and sustained loss of homeostatic proteins in
atypical reactive astrocytes in the cortical gray matter and hip-
pocampus might initiate epileptogenesis and formation of sei-
zure foci. In fact, our data indicate uncoupling of atypical
astrocytes and their Glt1 * neighbors possibly due to the lack of
Cx43 expression. Coupling between astrocytes has been impli-
cated in potassium clearance through spatial buffering (Wallraff
etal., 2006; Olsen and Sontheimer, 2008; Steinhiuser et al., 2012).
However, despite several studies in the field, the role of Cx43 in
epileptogenesis remains controversial (Seifert et al., 2010). Loss
of astrocyte coupling is associated with epileptic tissues in hu-
mans and animal models of epilepsy (Steinhiuser et al., 2012;
Pannasch and Rouach, 2013; Bedner et al., 2015), yet pharmaco-
logical studies blocking Cx43 function suggest that gap junctions
may perpetuate epileptiform activity (Samoilova et al., 2008).
These opposing results can be explained by the fact that human
epilepsy is not a uniform condition, which highlights the impor-
tance of proper models used to study such a disorder. Therefore,
the specific mechanism by which astrocyte uncoupling might
contribute to epileptiform activity after diffuse TBI remains to be
elucidated.

Diffuse mild/concussive closed-head TBI in mice is sufficient
to induce PTE and seizure development correlates with the
presence of atypical astrocytes

Until now, the field was limited to only two animal models of PTE
with confirmed spontaneous seizures (Ostergard et al., 2016).
The existing animal models, which induce TBI either by con-
trolled cortical impact or by fluid percussion injury, recapitulate
characteristics of focal human TBI and cause PTE in a subgroup
of rodents. In these models, however, mortality rates are high,
amounting to approximately one-third of the animals (Kharat-
ishvili et al., 2006). Focal injury introduces significant complexity
by generating several reactive astrocyte types and initiating other
mechanisms involved in seizure generation, such as hemor-
rhages, tissue necrosis, and large structural lesions in the cerebral
cortex (Zhao etal., 2007, 2012; Neshige et al., 2015; Glushakov et
al., 2016). There is no doubt that focal injury potentiates the risk
for the development of PTE (Annegers and Coan, 2000), likely by
all of these mechanisms acting in parallel, and the larger likeli-
hood of immediate and early seizures, which in turn can cause or
intensify astrogliosis. Here, we show that repetitive diffuse TBI is
sufficient to induce the development of spontaneous seizures 3—4
weeks after TBI even in the absence of hemorrhages, tissue necro-
sis, and large structural lesions.

Lack of glutamate homeostasis and the resulting increase in
excitation or decrease in inhibition has been suggested for
other types of epilepsy and epileptic encephalopathies (Ye and
Sontheimer, 1998; Ortinski et al., 2010; Buckingham et al., 2011;
Robert et al., 2015; Shandraetal., 2017). Our data link for the first
time PTE after diffuse TBI with the early and sustained loss of
Glt1 expression in associated atypical astrocytes. These areas were
significantly larger in animals with seizures compared with
seizure-free TBI animals, providing evidence in support of the
idea that loss of homeostatic functions in astrocytes may contrib-
ute to PTE. Although the exact interplay between astrocytes and
neuronal dysfunction leading to epilepsy remain to be clarified,
this study provides both the medical and research community
with a new model to study the effects of diffuse TBI in initiating
epileptogenesis and identifies a cellular mechanism likely to be
involved in this process.
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